in 5-year-old children. Am. J. Respir While CD8 + T cells are critical to diabetogenesis in NOD mice, evidence of their involvement in human type 1 diabetes (T1D) has been circumstantial. The existence of CD8 + T cells specific for β cell peptides has been demonstrated, but functional data regarding the role of these cells in T1D have been lacking. In this issue of the JCI, Skowera et al. describe an unusual selfpeptide epitope derived from the leader sequence of preproinsulin (PPI) and show that 50% of HLA-A2 + patients with new-onset T1D possessed circulating CD8 + T cells specific for this epitope, suggesting that PPI plays a critical role in the development of T1D (see the related article beginning on page 3390). They also report that β cells upregulate PPI expression in the presence of high glucose levels, rendering these cells more susceptible to lysis and potentially accelerating disease. This suggests that interventions aimed at decreasing the PPI-specific CD8 + T cell response early after T1D diagnosis may be efficacious in ameliorating the disease process.
Type 1 diabetes (T1D) is an autoimmune disease that results from T cell-mediated destruction of the β cells of the endocrine pancreas. Much of our knowledge about the autoimmune pathogenesis of T1D, including the role of both CD4 + and CD8 + T cells in β cell destruction, is based on studies of the NOD mouse (1). In both mice and humans, development of T1D requires the interaction of a genetically susceptible host and an environmental insult. Investigation of the genetic basis of T1D susceptibility in NOD mice and comparison of the results with genome scans in humans with T1D have confirmed that many of the same processes are involved in this disease in both species (2) . Although more than 20 loci have been described, the major genes that govern T1D susceptibility in both mice and humans map in the major histocompatibility complex. Specific MHC class II alleles in both mice and humans have a strong association with T1D susceptibility. The genetic evidence for MHC class I involvement is less clear. Removal of CD8 + T cells from young NOD mice results in no progression to diabetes (3) . Similarly, depletion of CD4 + T cells from NOD mice also results in the failure to progress to diabetes (4) . Adoptive transfer experiments with both purified T cells from diabetic mice and diabetogenic T cell clones established unequivocally that CD8 + T cells are critical for the development of diabetes (5) . As a result, there is widespread belief that β cell-specific immune responses mediated by both CD4 + and CD8 + T cells are required for the development of T1D in humans as well as in NOD mice. However, the evidence that CD8 + T cells are critical to the development of T1D in humans remains circumstantial. While CD8 + T cell β cell-specific epitopes, restricted by MHC class I, have been detected, the frequency of these epitope-specific CD8 + T cell clones is low, and their in vivo function has been difficult to demonstrate (6).
Identification of a PPI-encoded CD8 + T cell epitope
In this issue of the JCI, Skowera et al. provide compelling evidence of a natural and unusual CD8 + T cell epitope that can be recognized on β cells (7) . The authors first constructed a novel surrogate β cell by transfecting a cell line (K562) derived from a human leukemia with the genes encoding HLA-A2 and preproinsulin (PPI). PPI is the primary translation product of the insulin gene, which is proteolytically processed first to form proinsulin and then further cleaved to yield biologically active insulin.
The authors then used a combination of HPLC, mass spectrometry, and proteomics to identify peptides that were present only from HLA-A2 + PPI-expressing K562 cells. Thus, HLA-A2-bound, PPI-derived peptides exist and are potential T cell epitopes. The sequence of these HLA-A2-bound peptides was interesting, as it was derived from the leader sequence of PPI. This is not surprising, since the HLA-A2 peptidebinding motif is highly hydrophobic, as are leader sequences, and even in transporter associated with antigen processing-deficient (TAP-deficient) cells, HLA-A2 is expressed at nearly 50% of wild-type levels due to the ability of HLA-A2 to bind peptides derived from leader sequences (8, 9) . What was more surprising was that 50% of recently diagnosed HLA-A2 + patients were shown to have detectable PPI-specific CD8 + T cell responses compared with other HLA-A2-restricted responses that were found at lower frequency (7). However, it must be noted that 50% of the HLA-A2 + donors did not have detectable PPI-specific CD8 + T cells, so other epitopes are likely to function to cause disease.
PPI-specific CD8 + T cell clones can kill primary human β cells
It is not surprising that CD8 + T cells specific for PPI are able to lyse K562 cells expressing HLA-A2 and PPI (7). More compelling are the results using an unusual cytotoxicity assay that measures the loss of PPI mRNA. PPI-specific CD8 + T cell clones were able to kill primary human pancreatic β cells in the midst of normal exocrine human pancreatic cells in vitro. This suggests that PPI-specific CD8 + T cell clones from T1D patients are able to recognize and kill β cells in a contact-dependant manner. This observation regarding an MHC class Irestricted epitope derived from insulin is of significance given the finding that PPI is a critical target antigen for CD4 + T cells early in β cell autoimmunity in both mice and humans (10, 11) . The finding that two critical epitopes necessary for diabetes induction exist on a single molecule suggests that there is a good opportunity for a single dendritic cell to present PPI-derived peptides to both CD4 + and CD8 + T cells.
As shown in the current study, the processing pathway used for the presentation of PPI is both TAP and proteasome independent (7). Similar TAP- and proteasome-independent epitopes have previously been described in the forms of an influenza- and a tumorspecific epitope (12, 13) . Furthermore, Skowera et al. (7) showed that PPI-producing K562 cells served as protein donors for
Figure 1
Model for the development of T1D, elucidating the role of PPI-specific CD8 + T cells. This image shows a schematic of an islet before the onset of T1D, with relatively low levels of PPI-derived peptides (as determined in the study in this issue of the JCI by Skowera et al.; ref. 7) expressed on β cells and few or no T cells. Following migration of a dendritic cell to the draining lymph node, both CD4 + and CD8 + T cells are activated and migrate to the islets. There they encounter PPI-expressing β cells and kill them, resulting in lowered levels of insulin and hyperglycemia, as suggested by Skowera et al. (7) . This results in increased PPI production and PPI presentation on both the β cells and resident dendritic cells. This can result in increased sensitivity to killing of β cells by CD8 + T cells (7), as well as in local proliferation of the effectors stimulated by resident dendritic cells.
indirect PPI presentation by dendritic cells that do not themselves synthesize PPI.
Implications of a PPI-derived epitope
The observations reported by Skowera et al. (7) are interesting and contribute to the identification of an epitope likely to be important in the pathogenesis of T1D. However, the most significant result of the current study is that β cells producing increased amounts of PPI are more susceptible to lysis (7) . This makes sense if the PPI peptide is limiting in either the priming of CD8 + T cells or in β cell sensitivity to lysis by PPI-specific CD8 + T cells. What is diabolical about this result is that following the initial phases of β cell destruction, the remaining β cells produce more PPI in an effort to compensate for lowered levels of insulin. It is this increase in PPI production by β cells that results in the more rapid destruction of the remaining β cells and, presumably, increased antigen presentation by resident dendritic cells and increased PPI-specific CD8 + T cell activation. Indeed, increased activation might not even be limited to PPI-specific CD8 + T cells, since the increased production of TNF-α by the PPIspecific CD8 + T cells will promote maturation of dendritic cells and could well result in epitope spreading, whereby β cell proteins different from PPI would stimulate new autoimmune CD4 + and CD8 + T cell responses. This would create an out-ofcontrol autoimmune response directed at not only PPI but other β cell antigens. This model is shown in Figure 1 .
This model raises the question of what is the initial inciting event that triggers the PPI-specific CD8 + T cell response? Neither does it explain the critical requirement for specific MHC class II alleles for T1D susceptibility or the ability of other MHC class II alleles to be protect against development of T1D (14). The necessity for a CD4 + T cell response has been established conclusively in the mouse, and the MHC class II association with T1D in humans argues strongly for it. In both mice and humans, MHC class IIrestricted responses to GAD65 have been demonstrated (6) . CD4 + T cells specific for GAD65 are critical to the pathogenesis of T1D (15) . Future experiments in which those PPI-specific responses are ablated by the induction of tolerance would be important in order to support the idea of halting the early autoimmune response and thus blocking the downstream consequences. Thus, the elegant experiments reported in the current study do not address the crucial interaction between CD4 + and CD8 + T cells. The study leaves unexamined the critical questions regarding the specificity of the MHC class II-restricted epitopes and where antigen presentation occurs. This last question is of considerable importance. Since only β cells produce significant quantities of PPI and β cells do not express MHC class II, the presentation must occur via a cross-priming pathway. As shown by the authors, cross-priming does occur, but where is the presented PPI peptide processed? In the ER of the β cell? As PPI presentation seems to be both TAP and proteasome independent, how does the PPI peptide get from the ER of the β cell where it is produced to the surface of the dendritic cell? Recently, Unanue and colleagues have demonstrated the existence of a small number of dendritic cells in the islets of mice (16) . These cells were shown to circulate to the draining lymph node and were able to present both a model antigen as well as an authentic β cell autoantigen to CD4 + T cells. Both of these responses are MHC class II restricted and so do not provide information on MHC class I-restricted responses. Given the data presented by Skowera et al. (7) that demonstrate the ability of dendritic cells to present both PPI and β cell antigen, this provides a plausible route of stimulation, although many of the steps remain to be elucidated.
Still to be defined is the role of antigen presentation in the islets. Lymphoid structures similar to lymph nodes have been described in the islets of autoimmune mice (17, 18) . The role of these structures in diabetogenesis is not clear, but the concept of antigen presentation by resident dendritic cells is attractive, and the process would not require trafficking of the resident dendritic cell to the pancreatic lymph node.
Further, the experiments reported here do not address the question of the involvement of Tregs, which have been shown to be important for the development of diabetes in NOD mice (19) . This critical question remains to be addressed in the future. Finally, this model is unable to explain why 50% of HLA-A2 + T1D patients showed no detectable response to PPI. Other β cell antigens could play the same role, or, alternatively, PPI-specific CD8 + T cell responses could have waned over time in these individuals.
The high level of association between the PPI-specific CD8 + T cell response in HLA-A2 + individuals and T1D in recently diagnosed patients suggests that measurement of this response may prove to be of additional utility as a biomarker. Biomarkers have the potential to identify individuals at increased risk of disease. The PPI-specific CD8 + T cell response is a candidate for such a marker, since the response to PPI must precede the destruction of β cells and would be expected to become more robust as the prediabetic phase continues.
Perhaps most telling is that this model of the diabetogenic response presents a clear window of opportunity for treating patients. Conventional wisdom tells us not to treat T1D patients with insulin when their own β cells are able to produce sufficient insulin. The results presented here suggest just the opposite (7). Increased insulin production by the surviving β cells would accelerate disease pathogenesis and β cell destruction. Aggressive treatment with insulin for the purpose of inducing tolerance would be predicted to slow disease and perhaps block its progression.
